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pumped coumarin 153 and rhodamine 110 dye lasers have been passively mode-locked for the fIrst time using the saturable absorber 2-(p-dimethylaminostyryl)-benzthiazolylethyl iodide to produce pulses as short as 3 ps with pulse powers of up to 5 MWin a spectral range not previously covered.
WE have previously reported on the measurement of the recovery times of several~aturable absorbers which are suitable for mode-locking dye lasers in the blue-green spectral region [1] .
As a consequence, trains of frequency tunable picosecond pulses have been generated in various flashlamp pumped dye lasers [2] - [4] , and thus it has been possible to derive tunable picosecond pulses using dye lasers from 460-704 nm, with the exception of the region 547-550 nm, by a suitable choice of lasing medium and saturable absorber [2] Manuscript received August 4, 1982 . This work was supported by the SERC.
The authors are with the Laser Optics Section, Blackett Laboratory, Imperial College, London, England. [8] . In this letter, we report on the extension of the modelocked range of coumarin 153 to include the blank region described above, using a different saturable absorber from that reported previously [2] .
Mode-locking in the neighboring spectral range 550-580 nm is accomplished using fluorol 7GA with DQOCl as the absorber [6] , but to achieve efficient laser action, it is necessary to add cylcooctatetraene (COT) to the dye solution [6] , [9] . An alternative, more efficient lasing dye in this wavelength range is rhodamine 110, which does not require COT as an additive. We also report here on the passive mode-locking of rhodamine 110, with the same saturable absorber as was used successfully to mode lock coumarin 153, and provides picosecond pulse generation from 552-583 nm.
The saturable absorber used to mode lock both the coumarin 153 and rhodamine 110 dye lasers was 2-(p-dimethylaminostyryl)-benzthiazolylethyl iodide (DASBTI). This dye, the molecular structure of which is shown in Fig. 1 measured peak absorption cross section amax of 1.1 X 10-16 cm2 at this wavelength [3] . In ethanol the fluorescence lifetime of the dye has been recently measured to be 55 ps [3] . Throughout the work described here, only ethanolic solutions of DASBTI were used. The construction of the dye laser, cavity head, and excitation source has already been described in some detail [2] , and only a brief summary is included in this context. A double elliptical cylindrical pumping geometry was used where a maximum of 100 J could be deposited via a triggered spark gap from 0.5 pf capacitors into each of the 100 torr Xe-filled flashlamps. The 127 mm long cavity head contained a 3 mm ID quartz dye cell along the common focal axis of the elliptical cylinder through which the lasing dye was circulated continually. An overall cavity length of~3 5 cm was used. It was formed by plane dielectric mirrors of 100 percent and 85 percent reflectivity over the spectral range 470-550 nm. At wavelengths exceeding 550 nm, these reflectivities were lower, and at 590 nm, they were 95 and 75 percent, respectively.
Tuning was carried out using an intracavity 3.5 pm air spaced Fabry-Perot etalon, and all cavity components were wedged to eliminate subcavity resonances.
A 500 pm thick optically contacted dye cell was placed on the 100 percent reflector to contain the saturable absorber dye solutions. These solutions of the saturable absorber were noncirculating and were only renewed after many laser firings. No additional efforts were made to temperature stabilize either the active or passive dye solutions. A 4 X 10-4 M ethanolic solution of coumarin 153 was used, and the temporal profiles of the mode-locked trains over the region of interest can be seen in Fig. 2(a)-(d) , with their corresponding spectral tuning in Fig. 4(a) . The output waveform of the trains was stable and reproducible. From Fig. 2(a)-(c) , it can be seen that a buildup time of~200 ns was required to reach complete modulation.
Typically, the concentration of DASBTI was~1O-4 M but this could be varied slightly for optimum laser operation. The energy content of the mode-locked trains was 1-2 mJ. To the long wavelength side of the tuning range, it can be seen ( Fig. 2(d) lasing at 557 nm) that a much longer time was needed to reach complete modulation, and this quasi-fW region of operation contained a considerable amount of the energy of the output train. Obviously, such a characteristic output would be unsuitable for many applications unless a single pulse is selected from the 200 ns region of 100 percent modulation. Alternatively, by using a 2 X 10-4 M ethanolic solution of rhodamine 110, stable reproducible operation in this wavelength region was obtained using the DASBTI saturable absorber and pulse trains of the type shown in Fig. 3(b) (A = 562 nm) were produced.
From Fig. 3(c) , it can also be seen that to within the resolution of the photodiode-oscillscope combination. single pulse operation with 100 percent modulation was obtained, and also from Fig. 3(b) . the buildup time to complete modulation can be seen to be ;S100 ns. To the short wavelength side. the mode-locked rhodamine 110 system could be tuned to 552.6 nm, where the output had the appearance illustrated in Fig.  3(a) , and this spectral region substantially overlaps the tuning range of the coumarin 153 system [see also Fig. 4(a) and (b) ] . The saturable absorber concentration was~2 X 10-4 M, but it was necessary to increase this as the laser was tuned to the extremes of the longer wavelengths of the tuning range. which cut off at 582.9 nm. At this wavelength, the cross section of DASBTI is reduced to~1O-17 cm2. Also, the energy content of the mode-locked train was reduced to <I mJ at 583 nm. However, in this region of mode-locking, an increased energy content per pulse can be obtained by mode-locking rhodamine 6G with DQOCI [7J. To the short wavelength side of the tuning range, the pulse energy was also reduced. TypicaJ1y, the spectral width of the rhodamine 110 time integrated lasing spectra was 0.2-0.4 nm, and over the full spectral range a maximum of~60 J per lamp was necessary for mode-locked opera tion.
iThe individual mode-locked pulse widths were measured as before [2] - [4] , using a Photochron II streak camera. Synchronization of the deflection voltage was such that pulses 100 ns I---~57 ps ---j from the beginning of modulation were detected, over which period single pulse evolution should have occurred in tlashlamp pumped passively mode-locked dye lasers [10] , [11] . Fig. 5 shows a typical microdensitometer trace of a recorded pulse width TR of 5.5 ps (separated by a calibrated optical delay of 57 ps) from the mode-locked rhodamine 110 laser operating at 562 nm. Deconvolution of the streak camera overall resolution time of 3 ps implied an actual pulse width T p of 4.5 ps.
Over the complete tuning range of the mode-locked rhodamine 110 laser shown in Fig. 4(b) , pulse width measurements were typically 3-6 ps. A similar spread in the generated pulse widths of the coumarin 153 laser mode-locked with DASBTI from 538-557 nm was also measured.
In conclusion, it has been shown that stable passive modelocked operation tuftable to 583 nm can be obtained with the saturable absorber DASBTI, and to the short wavelength side, this can be extended to 508 nm [4] by a suitable choice of lasing dye. Pulses as short as 3 ps have been genera ted with peak powers of up to 5 MW. Consequently, picosecond pulse generation is now possible by passive mode-locking techniques from 460-704 nm. We have also identified a different family of saturable absorbers which operate in the region below 460 nm, and these shall be reported at a later date. Direct application of the saturable absorber DASBTI to the generation of subpicosecond pulses in passively mode-locked CW dye lasers should also be possible and is at present under investigation.
